The Apnea-Hypopnea Index (AHI) is one of the most-used parameters from the sleep study that allows assessing both the severity of obstructive sleep apnea and the reliability of new devices and methods. However, in many cases, it is compared with a reference only via a correlation coefficient, or this value is at least the most emphasized. In this paper, we discuss the limitations of such an approach and list several alternative quantitative and qualitative techniques, along with their interpretations. We also propose using the ranking function which enables consideration of various AHI values with different weights. This extends the analysis with a clinical significance assessment, which can be reliable for both adult-related and pediatric sleep studies. The "Shiny" web application, written in R, was developed to enable quick analysis for both physicians and statisticians.
Introduction
Obstructive sleep apnea (OSA) is the most severe form of sleep-disordered breathing. It is a common health problem, moderate to severe forms affecting 49.7% of men and 23.4% of women, according to the latest epidemiological data [1] . This condition affects all age groups, with a prevalence of 2 − 4% in children, with peak prevalence occurring at 2-8 years of age [2] [3] [4] [5] [6] .
The gold standard study for diagnosing OSA is polysomnography (PSG), and one of the main parameters is the Apnea-Hypopnea Index (AHI). It allows assessment of the degree of sleep-disordered breathing, particularly considering the number of apneas and hypopneas within a single "average" hour during sleep. It is generally accepted and widely used. Based on the medical guidelines, there are four qualitative subranges of sleep apnea for adults [7] :
• Normal: AHI < 5,
• Mild: 5 AHI < 15,
• Moderate: 15 AHI < 30, and
• Severe: AHI 30.
Different thresholds are used for the same classifications in the pediatric population:
• Normal: AHI < 1,
• Mild: 1 AHI < 5,
• Moderate: 5 AHI < 10, and
• Severe: AHI 10.
PSG is a very complex and costly test. Therefore, many different abbreviated sleep studies (usually home sleep tests, HST) are being developed, and all of these need to be validated against full polysomnography. Therefore, new devices and/or methods evaluating obstructive sleep apnea (and sleep disordered breathing in general) are undergoing comparative studies wherein they are used to measure AHI, and assessed against reference equipment.
However, despite the guidelines, still the exact (raw) values are compared, very often using correlation coefficients, like in a recent meta-analysis of peripheral arterial tonometry diagnostics [8] or an assessment of portable wireless sleep monitors [9] .
There is nothing inherently wrong with the analysis of numbers instead of diagnostics subranges; however, it appears that the meaning of the correlation coefficient was overlooked in those cases. Several issues should be addressed in the context of AHI comparison:
• it does not evaluate the clinical significance of the method, i.e., how often subjects are correctly classified (as normal, mild, moderate, or severe);
• it is susceptible to outliers and influential observations;
• Pearson's version should be used only for data with a normal distribution, a condition usually unfulfilled due to a limited range of physiologically relevant values and the spectrum of the invited study group;
• its interpretation is connected with a linear model -many regression lines, with different slopes and intercepts, may produce high correlation coefficients, even if not clinically relevant (slope of 45 degrees without the intercept); and
• there is no insight into whether the slope is slightly greater than or (to the same extent) less than 1, which might otherwise drive important conclusions on the reliability of the tested device.
Therefore, the main aims of this work are:
• to propose and discuss other approaches to possible AHI comparison, and their mathematical and clinical interpretations, and
• to present the Shiny web application, which implements selected methods and enables extended analysis of data.
The motivation here is simple -to show how to quantify the performance of methods for automatically estimating the AHI.
Materials and Methods

Quantitative approaches
Parameters of the possible approaches that still work with raw values, but do not (or to a much lesser extent) introduce the aforementioned misinterpretations, are listed below (in arbitrary order):
• the intercept of the linear model that best fits data points;
• the slope of another linear model with the intercept value forced to 0;
• the p-value (or test statistics) from a Wilcoxon rank paired test (or from a paired T-test in case of normally distributed data);
• the rho value (along with its p-value) from Spearman's rank correlation test (not assuming a normal distribution);
• Lin's Concordance Correlation Coefficient (with its confidence interval limits), measuring how far the data deviate from the line of perfect concordance (line at 45 degrees) [10, 11] ;
• the bias correction factor (from Lin's analysis), that determines how far the best-fit line deviates from a line at 45 degrees (no deviation from the 45 degree line occurs when factor equals 1) [10] [11] [12] ;
• mean difference of AHI scores and ±1.96SD of AHI score differences on a BlandAltman plot (means of AHI scores on the X-axis, and differences of AHI scores on the Y-axis) [13] ;
• slope and intercept of the linear model that best fits data points on the modified BlandAltman plot (in which reference values are used instead of the mean AHI scores on the X-axis) -this technique enables one to assess whether the nature of the differences' distribution depends strictly on the reference value;
• simple heuristic ratio -the number of data points above the Y = X line divided by the number of points below it; and
• mean absolute error (MAE).
Another technique, the relative-deviation Bland-Altman plot, may also be used to complete the analysis with regards to the visual distribution of points [14] .
Other visual/analytical methods are possible (like finding the distribution of absolute or square differences, Bayesian reasoning, etc.); due to their poorer interpretability from the physician's perspective, they were not considered further.
Qualitative approaches
While the techniques listed above are mathematically correct, all of them use the numerical data directly, without supplying the right context (established subranges of AHI and their clinical interpretations). Therefore, we would like to emphasize the importance of the qualitative techniques, that can estimate "clinical significance" along with "statistical significance". The introductory concept is presented in Fig. 1 .
The main parameters -accuracy, sensitivity, specificity, positive and negative predictive values (PPV and NPV, respectively), or Cohen's Kappa -may then be estimated for the specific case. The accuracy is the ratio of the number of correctly classified data points to the total number of data points. Even if there is a relatively big difference, as between 16 and 28, the assignment to a group will be the same, unlike for 14 and 16, which could result in the patient receiving different treatment. The sensitivity can be calculated as the proportion of true positives; it can be extended to a multi-variables case by making the positive state the one being analyzed, and grouping all others into the negative. The extended specificity uses the same definition, with true positives replaced by true negatives.
PPV and NPV are the proportions of predicted positive and negative results in the test to the true positive and true negative results, respectively. Cohen's Kappa is a more robust value, which describes the accuracy after removing the effect of random choice and takes into account possible imbalances in the data; all values greater than 0 mean that the method is better than a coin toss (the maximum is 1, the same as for accuracy). Additionally, multi-class Receiver Operating Characteristic (multi-class ROC) analysis may provide the parameter of area under the curve (AUC), along with pair-wise ROC curves [15, 16] .
Ranking function
Coming back to the comment that the difference between 16 and 28 may be less significant from the clinical point of view than that between 14 and 16 (which may cause different treatment to be prescribed), we would like to propose a ranking function that will allow the introduction of weights, which should be multiplied by the original difference, increasing its impact around hotspots (for standard AHI analysis, they are 5, 15 and 30) and decreasing impact in the middles of the subranges.
Of course, the definition of such a ranking function may vary. For visual purposes, we decided to set a value of 1.5 at hotspots and a value of 0.5 at range midpoints, with square approximations in-between. The shape of such a function is presented in Fig. 2 .
Further generalization can take into account the case in which each of the points is near a different hotspot, with both still in the same subrange. For clarity and simplicity, we propose to apply the multiplier of 0.5, as explained below, for the extended mean absolute error (eMAE) formula (1) Figure 2 : The shape of the proposed ranking function; the X-axis value is the reference AHI and the Y-axis presents the coefficient for multiplying the difference. The shape of the ranking function between hotspots is approximated by a quadratic function.
where n is the number of participants in the study, res is the measured AHI value, ref is the reference value, i is the iterator counting successive participants, B is the ranking function, and A is the function with a value of 0.5 for points (e) in the same subrange of AHI values, and 1.0 for others. Fig. 3 . The input file should be an Excel spreadsheet with two columns comprising reference AHI values and values from a tested device. Before any file is uploaded, the tabs present the results of the analysis of the default data, coming from [28] , a study assessing the agreement between the AHI parameters measured by portable monitor and by reference polysomnogram. The data are not well concordant, which facilitates presentation.
Shiny web application
The app enables choosing all thresholds to determine which subrange the specific result is located in (by default, these are 5, 15 and 30, as presented in the Introduction for the adult-related group). It is also possible to set the minimum and maximum of the ranking function (by default, 0.5 and 1.5, respectively). The Results section presents the most important results produced for the sample dataset using the app [17].
Results
As stated in the previous section, the presented sample analysis was carried out on the data from the paper [28] .
A scatter-plot of 71 stored points is presented in Fig. 4 , along with the Pearson's correlation coefficient, the p-value of the correlation test, the formula and line for the simple linear regression with intercept, and only the formula for another simple linear regression calculated without considering intercept.
One can note that the intercept of the first considered linear model was 16.928, even higher than the second hotspot. On the other hand, the slope of the model with the intercept value forced to 0 is 0.883. Pearson's correlation test r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1.018e−11 r = 0.7008; p = 1. The Spearman's rho was about 0.68, similar to the Lin's coefficient, which does not differ much from the other correlation measures (the bias correction factor is very close to 1), regardless of poor data concordance.
As the data did not come from a normal distribution, a Wilcoxon rank paired test should be performed. For this particular case, the p-value = 0.95 (indicating no cause to reject the null hypothesis -exact medians).
The Bland-Altman plot is presented in Fig. 5 . The mean value of the differences (without using their absolute values) is −1.91 and the spread calculated by the ±1.96SD measure is 56.62 (very high). This can also be observed in the Bland-Altman plot's high percentages of relative deviation.
For the modified Bland-Altman (Fig. 6 ), the slope of the linear model was relatively high, about 0.3364, showing that the difference between values is related to the actual value.
The simple heuristic ratio is 1.0294. Finally, M AE = 20.2, and eM AE = (11.9). These numbers make a lot of sense compared to other results.
For qualitative analysis, the three main parameters were:
• Accuracy = 57.7%, showing, that even though several methods prefer to treat the differences as statistically insignificant (like for the Wilcoxon test), clinical significance is noticeable, and the range of differences indisputable.
Discussion
The PSG is still a gold standard in sleep research, even if it is too complex for breathingrelated studies -the final analysis being based on several parameters, e.g., the apneahypopnea index, respiratory disturbance index, or percentage of snoring during the night, from which the first seems most popular. However, it has already been observed that simpler and more comfortable setups allow estimation of those parameters. Therefore, there is an increasing spectrum of methods and devices available to perform a HST.
The American Academy of Sleep Medicine suggested in its guidelines four types of devices: in-laboratory, technician-attended, overnight PSG (Type I); full PSG outside of the laboratory not needing a technologist's presence (Type II); devices not recording the signals needed to determine sleep stages or sleep disruption, typically including respiratory movement and airflow, heart rate or ECG, and arterial oxygen saturation (Type III); and thpse recording 1-2 variables and without a technician, typically arterial oxygen saturation and airflow (Type IV) [29] . Therefore, for Types III and IV, there are many novel applications, sometimes even failing to be accurately classified, e.g., peripheral arterial tonometry [30] , or audio-based technologies [31] .
Even if using these techniques, one can measure sleep for several nights and calculate sophisticated parameters that assess the statistics over many nights. The AHI values are the starting point, often only as raw values, and not connected to clinical ranges.
It should be mentioned, that there are also studies for which the statistical analysis is reported in the correct, more specific, manner. E.g.,Yuceege et al. reported results of qualitative analysis, such as sensitivity, specificity, PPV or NPV [32] . This is consistent with the newest methodological recommendations presented by Miller et al., who stated that correlational analyses should be conducted alongside qualitative analysis during validity testing [33] .
In addition to that, we proposed a list of possible parameters, consisting of well known, modified, or heuristically deduced parameters, which can be considered by physicians and statisticians, particularly for comparing and validating various techniques and methods.
Simple general interpretations of the proposed parameters are presented below.
• For the intercept of the linear model -the closer to zero, the better.
• For the slope of the linear model with a zero intercept -the closer to one, the better.
• For all correlation analyses (Pearson's, Spearman's or Lin's) and for the bias correction factor -the closer to one, the better.
• A T/Wilcoxon test p-value greater than 0.05 indicates no reasons to reject the null hypothesis that two means or medians are equal.
• The mean value of the differences (Bland-Altman plot) should be as close to zero as possible; however, one should also assess the distribution of the points vs. the mean of all pairs (there should be no relation).
• The spread of the differences (Bland-Altman plot) should be as low as possible, probably not greater than 20.
• The slope in the modified Bland-Altman plot should be as close to zero as possible, the simple heuristic ratio close to one, and the distribution of points below and above the Y=X line similar.
• The smaller the MAE/eMAE, the better (but the values should be primarily used in relation to other studies).
• The higher the accuracy, sensitivity, specificity, Cohen's Kappa or multi-class AUC, the better.
We do not mean to endorse a single parameter over the range of options that allows considering different contexts of the analysis. Of course, all quantitative approaches remain sensible when considered only within specific subranges of AHI values; however, we omitted such analysis in order to preserve clarity and readability.
It is also important to remember that, in this type of analysis, outliers can have a very large impact. It is possible to estimate the distribution of the "lo-factors" (coefficients indirectly assessing the distance between data points) and to choose the cut-off threshold to remove observations with higher lo-factor values [34] . However, as caution in using this option is recommended, we decided not to make it available in this version of the Shiny web app [17] .
Also, the American Academy of Statistics has proposed that the Bayesian approach be used in similar research [35] . However, based on the presented distributions of AHI points in the studied populations, we think that adopting an appropriate prior distribution for such analysis could be difficult.
It should also be added that the presented consideration may be extended to different areas of research, where comparative analysis is part of the process.
Summary
This paper presents the ways in which AHI parameters established by new devices and methods can be compared with the gold standard, reference method. In order to speed up the analysis process, the Shiny web application was prepared for both clinicians and data scientists. An in-depth look at the results enables one to assess not only statistical, but also clinical significance.
